The basic sequence of morphological development of Trichoplusia ni nuclear polyhedrosis virus (NPV) in Spodoptera frugiperda cells at a temperature optimal for virus replication has been determined. The development of this virus is similar to that reported for other baculoviruses with nuclear virogenic stroma preceding nucleocapsid, virus particle and polyhedron production; envelopment of nucleocapsids occurs de novo within the nucleus or by acquisition at the nuclear or plasma membranes. Cells in which virus DNA synthesis was arrested by blocking with cytosine arabinoside failed to show virus development beyond the appearance of a stroma without nucleocapsids. Cells in which virus-specified polypeptides were rendered non-functional by azetidine incorporation at prescribed periods delayed morphological change. This development is discussed in relation to the basic biochemical changes which occur in infected cells.
INTRODUCTION
In a previous paper (Kelly & Lescott, 1980 ) the sequence of induction of polypeptides in Spodoptera frugiperda cells infected with a nuclear polyhedrosis virus (NPV) isolated from Trichoplusia ni has been outlined. An electron microscope study of infected cells has been made to attempt to correlate biochemical events, particularly the induction of presumptive virus-specific polypeptides, with virus-induced morphological changes. In cells infected with this NPV four phases of virus-induced polypeptide synthesis occur: an ~ phase from 2 to 3 h p.i.; a/~ phase from 6 to 7 h p.i.; a y phase from about 10 h p.i.; and a 6 phase from about 15 h p.i. The a and ~ phases constitute the synthesis of non-structural polypeptides and the y and 6 phases the synthesis of predominantly structural polypeptides.
The morphological sequence of NPV infection has been deduced primarily from observations on infected larvae. Few studies have been made on infected cells in culture, and none have been made in conjunction with biochemical studies on the infection process. A review comparing in vivo and in vitro replication of baculoviruses (Adams et al., 1977) basically demonstrates that the sequence of morphological events deduced from observations of virus development in diseased larvae (Harrap, 1970 (Harrap, , 1972 concurs with the development observed in cell culture (Raghow & Grace, 1974; Knudson & Harrap, 1976) .
As a preliminary to this study the optimum temperature for the growth of the virus was assessed; this has not been done for the cell-virus systems used in other studies, although Knudson & Tinsley (1974) determined the optimum temperature for the production of polyhedra (which is not equivalent to the production of infectious virus). Consequently, it is not clear whether the differences in replication time for Bombyx mori and S.frugiperda NPVs in their homologous cell lines and the production of aberrant forms is a consequence of replication at suboptimal temperatures (Raghow & Grace, 1974; Knudson & Tinsley, 1974; Knudson & Harrap, 1976) . There is no standard nomenclature for baculovirus components and in this paper the terms virus particle, capsid, nucleocapsid and envelope are as defined by Hughes (1972) .
METHODS
The growth and titration of T. ni multiply enveloped NPV, cell maintenance, cell infection and the processing of cells for electron microscopy have been reported elsewhere (Kelly, 1976; Kelly & Lescott, 1980) . Samples of infected cells (m.o.i. 50 TCIDs0/cell; 28 °C incubation) were taken 2, 4, 6, 9, 12, 18 and 24 h after infection. Drugs were used as described elsewhere (Kelly & Lescott, 1980) . Sections of cells were observed on a JEOL 100CX electron microscope at an accelerating voltage of 80 kV.
Determination of temperature optima for growth of virus. Cells were infected at an m.o.i. of 50 TCIDs0/cell by allowing virus to adsorb at room temperature (about 24 °C)for 1 h, then washing the monolayer three times with medium, supplementing the flasks (25 cm2; 2 x 106 cells) with 5 ml of medium and incubating at the designated temperature for 36 h. Cell-released and cell-associated virus were both assayed by TCIDs0 titration. Cell-released virus was detected in the medium remaining after infected cells were centrifuged at 100 g for 10 rain. Cell-associated virus was obtained from the cell pellet by resuspending the cells in 1 ml of medium, sonicating the cells and removing gross cell debris and polyhedra by centrifugation at 2000 g for 15 min. The pellet was resuspended in 1 ml of water and the polyhedra in this suspension were counted using a haemocytometer.
RESULTS

Production of infectious virus
The optimum temperature for the replication of T. ni NPV in S. frugiperda cells was shown to be 28 °C (Fig. 1) . Although the optimum temperature for the production of infectious virus and polyhedra was the same, the relative rate of polyhedron production to virus production was higher at suboptimal temperatures. Thus, production of infectious virus was more thermosensitive than the production of polyhedra.
The growth of T. ni virus is shown in Fig. 2 . Progeny virus was detected from about 10 h p.i. Cell-associated virus was present in greater amounts than cell-released virus except at 2 and 5 h p.i. and at these times cell-released virus probably represents residual inoculum eluting from cells. Polyhedra were first detected at about 22 h p.i. 
Morphogenesis of the virus
No morphological alterations were observed in cells until 6 h p.i. At this time about 60% of cells showed signs of infection, with the nuclear chromatin becoming dispersed and granular. No 'virogenic stroma' were observed and no alteration of nuclear or plasma membranes could be discerned.
By 12 h p.i. the development of virogenic stroma within the nucleus was the most obvious structural alteration in cells. Virogenic stroma were first detected 9 h p.i. and the stromal development is shown in Fig. 3 (a). Nucleocapsids were observed associated with virogenic stroma as were virus particles, although nucleocapsids predominated at 12 h p.i. (Fig. 3 b) . Nucleocapsids were also observed apparently leaving the nucleus by interaction with the nuclear membrane (Fig. 4) , as discussed later. No egress of virus from cells by 'budding' at the plasma membrane was observed at this stage. At 12 h p.i. all cells showed signs of infection although only about 80 % of nuclei exhibited virogenic stroma. By 18 h p.i. initiation of polyhedra formation had started in about 5 % of cells. Virus particles rather than nucleocapsids predominated within the nucleus. Nucleocapsids were observed transgressing both nuclear and plasma membranes (Fig. 4, 5) . Budding of nucleocapsids occurred prolifically at the plasma membrane and was observed in cells which contained mature polyhedra (see Discussion). Almost all nucleocapsids assembled into virus particles at the plasma membrane became singly enveloped. Nucleocapsids were frequently found in the cytoplasm by this time. At 18 h p.i. the nuclear membrane became less well-defined and the inner and outer membranes became segregated or 'blistered'. By 24 h p.i. all cells contained both nucleocapsids and virus particles (Fig. 6 ). Polyhedra were abundant and were found in about 50 % of cells. Virogenic stroma were sometimes observed but generally these had become dispersed and indiscernible. Virus particles were still observed budding at the plasma membrane. Although some polyhedra were assembled without including virus particles, the majority of polyhedra contained enveloped nucleocapsids (i.e. virus particles) (Fig. 6) . The polyhedra showed typical lattice structure. Unenveloped nucleocapsids were never occluded. Curiously, most (but not all) virus particles occluded within polyhedra were singly rather than multiply enveloped. Polyhedra were also frequently surrounded by an outer 'electron-dense' layer at this stage. Late in infection bizarre forms of virus appeared (Fig. 7) which might be interpreted as 'aberrant forms'. These forms were seen in less than 5 % of cells and comprised mainly excess enveloped material and well-defined polyhedra. 
Effect of cytosine arabinoside on virus morphogenesis
Infected cells continuously treated with 50 #g/ml cytosine arabinoside to prevent viral D N A and ~ and ~ polypeptide synthesis (Kelly & Lescott, 1980) showed virus development to a well-defined pre-stromal structure by 9 h p.i. but did not show any further alteration in morphology (Fig. 8) . The pre-stromal structure differed from normal stromal structure, appearing far more condensed and electron-dense. No nucleocapsids or virus particles were observed and no marked alteration in plasma membrane or nuclear membrane was detected.
Effect of azetidine on virus morphogenesis
Azetidine is an analogue of proline and treatment of NPV-infected cells with 12 mM-azetidine at various periods enables the virus to synthesize proteins, some or all of which are presumably rendered non-functional. The virus then fails to proceed to the next phase of protein synthesis until functional proteins are made in the absence of the drug (Kelly & Lescott, 1980) . Cells so treated were examined to confirm the functional loss of the proteins and to determine whether blocked assembly would produce partially assembled virus structures. The latter was not observed. Table 1 shows the effect of adding azetidine at various times during infection which correspond to the fl, ~ and 5 phases of protein synthesis. Cells treated from 4 to 8 h to block the subsequent fl phase showed nuclear alterations typical of a normal 6 h infection and a pre-stromal appearance which had not advanced as far as the cytosine arabinoside block structure. By 15 h cells blocked from 4 to 8 h showed early virogenic stroma producing nucleocapsids typical of early 7 protein synthesis, Virus synthesis in cells blocked for longer, from 4 to 10 h, was also stopped at the pre-stromal stage at the end of the block. Addition of azetidine from 8 to 15 h (producing non-functional 7 proteins) also resulted in a pre-stromal appearance at 15 h. On release, this developed into virtually normal appearance at 24 h, although fewer virus particles (but no nucleocapsids) were observed. Polyhedra were also detected at 24 h. By 36 h virus particle production was also curtailed. for S. frugiperda NPV in their homologous cell lines. Thus, it probably represents a true reflection of NPV morphogenesis even though in this study the virus was replicating in a heterologous cell line.
Late in infection the occlusion of virus in polyhedra and the production of aberrant material is similar to that recently reported by Chung et al. (1980) . At this stage virus particles were observed budding prolifically at the plasma membrane in cells containing mature polyhedra. Volkman et al. (1976) showed that there was a shut-down of production of D . C . KELLY virus when polyhedra are synthesized and suggested that budding of virus is suppressed at this time. Our observations show that virus is still prolifically acquiring membranes at the cell periphery at these late stages, although the kinetics of departure of these forms from the cells may be slow.
Polypeptide synthesis in T. ni NPV-infected cells probably occurs in four basic phases (Kelly & Lescott, 1980) . Induction of a polypeptides appears to cause no great morphological changes since minimal change in cell structure has occurred by 6 h p.i. The function of these polypeptides has not yet been established but by analogy with other large DNA animal viruses which replicate in the cell nucleus they probably play a role in the general subversion of cell synthetic processes to viral processes. After the onset of fl polypeptide synthesis (from about 6 h p.i.) the virogenic stroma appear in cell nuclei (at about 9 h p.i.). In these experiments nucleocapsids were not observed alongside the virogenic stroma and so stroma formation precedes nucleocapsid formation, indicating that the assembly and structure of virogenic stroma are probably attributable to fl (or a plus fl) polypeptide synthesis. It is therefore probable that the virogenic stroma as such does not contain virus structural polypeptides or progeny virus DNA as inferred from previous morphological studies in vivo (Harrap, 1972) . The stroma probably represents an organization which precedes the assembly of the nucleocapsids and enveloped nucleocapsids from structural polypeptides and progeny DNA (which is synthesized from 8 to 16 h p.i., maximally around 13 h p.i.; H. M. Bud and D. C. Kelly, unpublished data). Nucleocapsid and virus particle formation occur morphologically concomitantly with the production of infectious virus and also the induction of y polypeptides (which comprise most of the virus structural polypeptides). Although there is a transition from nucleocapsids predominating at 12 h p.i. to virus particles predominating at 18 h p.i., there appears to be no accompanying alteration in the rates of synthesis of individual y polypeptides; thus, it is probable that nucleocapsid and envelope-specific polypeptides are synthesized at the same time and that subsequent post-translational control processes delay the transport of envelope polypeptides. Some baculovirus structural polypeptides are not associated with the nudeoeapsid but with the envelope and whatever ancillary structure is associated with the complete virus. Delay in the assembly of these components may be a reflection of the organization required to transport a lipoprotein envelope for apparent de novo synthesis within the nucleus. The onset of synthesis of the ~ polypeptide (the polyhedron polypeptide) considerably precedes its assembly into polyhedra, as judged by the detection of whole polyhedra by both light and electron microscopy. The polyhedron polypeptide appears from about 15 h p.i., whereas polyhedron assembly, first detected at about 18 h p.i., does not occur on a large scale until about 22 h p.i. Although this 6 polypeptide is synthesized from about 15 h p.i., the subsequent modification by glycosylation and phosphorylation occurs later, and these modifications may be necessary for the crystalfization of polyhedron polypeptides to occur.
Addition of azetidine to infected cells delayed subsequent virus morphogenesis until the cells were released from the block. Since the next phase of proteins are induced in the cells these proteins are presumably rendered non-functional. Interestingly, addition of azetidine from 8 to 15 h p.i., which was designed to block y polypeptide synthesis (the synthesis of predominantly virus particle and nucleocapsid polypeptides), resulted in a pre-stromal appearance with the nuclear chromatin becoming dispersed and granular and not of stromal appearance. Virogenic stroma appear later than the onset of induction oft polypeptides (9 h p.i. compared with 6 to 7 h p.i.) and consequently it would be anticipated that a stromal appearance similar to that found in cytosine arabinoside-blocked cells would occur. One can only reconcile these observations by postulating that a threshold amount of fl polypeptides must be present to enable the framework of the virogenic stroma to be assembled and that addition of azetidine at 8 h renders sufficient fl polypeptides non-functional to prevent this assembly.
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